Results of an experimental study of the influence of strain rate, temperature, and humidity on the mechanical behavior of a graphite/ epoxy fiber composite are presented. Three principal strengths (longitudinal, transverse, and shear) and four basic moduli (Ej, E 2 , &i2i anv 12 ) of a unidirectional graphite/epoxy (T300/5208) composite were followed as a function of strain rate, temperature, and humidity. Each test was performed at a constant tensile strain rate in an environmental chamber providing simultaneous temperature and humidity control. Prior to testing, specimens were given a moisture preconditioning treatment at 60°C.
Matrix-controlled mechanical behavior of graphite/epoxy fiber composites can be significantly influenced by externally applied parameters such as strain rate, temperature, and humidity. Because many composite structural components are exposed to these parameters, it is essential to define and .
understand their influence on mechanical behavior. Such an understanding is required; first, to supply designers with accurate data on material behavior under conditions similar to service life, and second, to develop a methodology which can be used to predict'long-term behavior of material under one set of environmental conditions from short-term tests under other conditions. Much work has been done on effects of temperature and moisture on composite materials. Some investigators [1] [2] [3] have used the diffusion equation to describe the sorption of moisture by composite materials. Early papers dealt with a constant coefficient of diffusion and, initially, with dry material exposed to constant surface moisture. Later work included time-dependent diffusion coefficients [4] and varying moisture boundary conditions [5] .
Some mechanical properties were predicted from micromechanics analysis by calculating thermal and swelling stresses around fibers [6] . Some experiments on thermal and moisture effects on strength and moduli of unidirectional fiber-reinforced lamina were done [7, 8] , but, in many cases, moisture control of the specimen during testing (particularly at high temperatures) was insufficient. Facilities having better control of simultaneous temperature and moisture application during mechanical tests are found in the aerospace industry, but their tests lack generality. Unfortunately, most test only laminates of fiber orientation and stacking sequence identical to the laminates to be used in the final product. Additionally, environmental parameters are determined to fit specific conditions the part is expected to experience.
The resulting data are too specific for use in designing other products. This paper presents results of an investigation of the basic mechanical behavior of a unidirectional lamina loaded at various temperatures, moisture contents, and strain rates, under closely controlled conditions. These results suggest the possibility of developing constitutive relations, including effects of time, temperature, and moisture content.
Experimental

Specimen Preparation and Conditioning
The material selected for this program was a graphite/epoxy composite material (Union Carbide T300 fibers in a Narmco 5208 matrix). The specimens were manufactured by Lockheed Missiles and Space Co. from unidirectional prepreg tape. Three types of specimens were tested in this program; longitudinal (0°) 8 , transverse (90 0 ) 1 g, and (±45°) 2s angle ply.
The longitudinal and angle ply specimens were cut from panels of 8 layers of prepreg tape, while the transverse specimens were cut from 16-layer panels.
A typical 8-layer specimen is shown in Fig. 1 . In all cases the fiber volume fraction was 64.6% with a standard deviation of 0.21%; and the void content was 0.51% with a standard deviation of 0.05%.
Upon receipt, the specimens were dried in a vacuum oven at 100°C for 72 hours, followed by oven cooling (under vacuum) for 24 hours. This established the base-line condition of a dry specimen. Specimens were then placed in an environmental chamber at a relative humidity of 98% and 60°C. The was evaluated numerically and the result for an 8-ply specimen is shown in Fig. 3 . Beyond 16 days of moisture conditioning, the moisture distribution is nearly constant throughout the specimen thickness. Nevertheless, all 8-ply specimens were given at least a 30-day conditioni.ng prior to testing.
When Eq. 4 was evaluated for 16-ply specimens, the time to reach nearly uniform moisture distribution was 4 times as long, or about 2 months.
The results shown in .Figs. 2 and 3 were used to establish conditioning procedures. Specimens given the 30-day conditioning contained a very high moisture content, M2, equal to 1.15%. This is almost the maximum moisture the material is capable of absorbing, even if placed indefinitely in water.
Another moisture content, Mj, equal to 0.7% was obtained by conditioning the specimens for 1 week at 60°C and 98% relative humidity and then transferring them to another chamber kept at 60°C and 60% relative humidity. Specimens needed 2 weeks in the second chamber to reach a fairly uniform moisture distribution through the thickness, but all were conditioned for at least 1 month. The third moisture condition used in the program was the base-line dry condition, MQ, equal to 0.1%. The dry specimens were kept inside a desiccator at room temperature until time for testing.
Test Arrangement and Program
All specimens were tested to failure in tension at constant strain rates.
Tests were performed inside an environmental chamber, using a servohydraulic mechanical test machine. Both temperature and humidity were controlled during the entire test period, such that the moisture distribution inside the speci- Initial testing verified that the applied tensile load was evenly distributed over the cross section of the specimens. Strain distribution across the specimen width on its front and back faces was measured using strain gages bonded to a longitudinal specimen. The results proved satisfactory.
Results and Discussion
Longitudinal Properties
The stress-strain curve of the longitudinal specimens, (0°)8> was close to a straight line, except for a slight increase in slope as the load increased.
A similar effect was observed by Sendeckyj et al. [10] but there has been no conclusive explanation for it. Possibly during manufacture of the laminates, fibers are not under constant tension and, as a result, are slightly warped in the cured specimen. When the tensile load is applied, some of the fibers are not fully active as load carrying elements until they are stretched and become straight. This increase in the value of the modulus seems to be more pronounced at higher temperatures and higher moisture contents. Except for this small variation, the longitudinal modulus (Ej) does not appear to depend on temperature, moisture content, or strain rate.
Major Poisson's ratio (vi2) also does not appear to depend on temperature, moisture content, or strain rate. The observed values were scattered between 0.33 and. 0.36, with some tendency toward a slight decrease as load was increased. These values are somewhat higher than values found in the literature (usually about 0.30), but the large number of tests, the reproducibility of the results, and the method of measuring the transverse strain give us confidence in the present results.
The most interesting result of tests on longitudinal specimens was that the longitudinal tensile strength (X) increased with both test temperature and moisture content, as shown in Fig. 4 . This property is thought to be primarily fiber controlled and would not be expected to depend on temperature, moisture content, or strain rate. Variation in strain rate did not cause statistically significant changes in X.
One explanation for this observation is that an uneven stress distribution may exist across the specimens and that this leads to failure of some fibers at an early stage of the loading process. At low temperatures and in dry specimens, the matrix material is more brittle and, thus, more sensitive to stress concentrations about broken fibers. This would result in the lower observed laminate strength and increased scatter. At high temperatures and high moisture contents, the matrix material is more ductile and less sensitive to stress concentrations around broken fibers. The result is that the i observed strength is closer to the "true" strength of the composite material.
The scatter of the results would also be less, as is indicated in Fig. 4 by the standard deviation (in parentheses). Every point in Fig. 4 represents results of at least 6 tests.
Transverse Properties
The influence of temperature and moisture content on the transverse modulus (E 2 ) is shown in Fig. 5 . The values of E 2 shown are initial values, as the modulus was observed to decrease up to about 10% as the load approached failure. As shown, there appears to be a slight temperature dependence, as well as some effect of moisture; however, more tests are needed to establish conclusive trends.
The transverse strength (Y), as shown in Fig. 6 , is more sensitive to temperature and moisture content. This property is matrix (and interface) controlled. As seen, transverse strength decreases as temperature or moisture content is increased.
Axial Shear 1 Properties
As expected, the property that is most sensitive to temperature, moisture content, and strain rate is the axial shear modulus (G 12 ). Typical stressstrain curves under 2 extremely different sets of environmental conditions are shown in Fig. 7 . The dry specimen (Mg) tested at room temperature (To) and at high strain rate (RQ) is much stiffer and stronger than the saturated specimen (M 2 ) tested at an elevated temperature (T 2 ) and at a medium strain rate (RX).
Additionally, G 12 is strongly dependent upon the level of applied stress.
A common way to quantify this nonlinear shear behavior is to determine the tangent modulus of the axial shear stress-strain curve and use these values to calculate stress distribution in laminates using incremental loading [11, 12] . The tangent moduli (G ) of the 2 curves in Fig. 7 are shown in Fig. 8 . From practical considerations, we are not interested in the high shear strain range. The values of G are, therefore, given for axial shear values of less than 2.5%. It has also been shown [22] that at these low levels of shear strain the prediction of axial shear behavior from testing of (±45°) angle-ply specimens is quite reliable, s (Fig. 11) is the same as the effect of decreasing moisture content at T 0 and R 0 (Fig. 10 ). These effects have to be quantified in such a way that, in addition to the well-known time/ temperature superposition principle for polymeric materials, we will have an equivalent time/temperature/humidity superposition principle.
The last property presented is the axial shear strength (S). A previous paper [12] that dealt with glass/epoxy composite material showed that (±45°) S angle-ply specimens did not provide true shear strength values because the stress state at failure was far from being a pure shear. For graphite/epoxy the (±45°) orientation gives more nearly pure shear than it did for the glass/epoxy. Nevertheless, the measured value of jthe shear strength is someŵ hat lower than the true shear strength. The 2 curves in Fig. 7 indicate the magnitude of variation in this property when environmental conditions are changed.
Conclusions
Matrix controlled mechanical properties of fiber reinforced composites .are influenced by temperature, moisture content, and strain rate. The strongest influence is on the axial shear behavior. The effects of the 3 applied parameters appear to be similar, suggesting that an equivalence between them could be established.
Fiber controlled modulus and Major Poisson's ratio (Ej, v 12 ) are not influenced by temperature, moisture content, or strain rate. The value of Poisson's ratio, however, is higher than normally reported in the literature.
The longitudinal strength, accepted as a fiber controlled property, was influenced appreciably.by ttanperature and moisture content. This is attributed to uneven tension on fibers and the behavior of the matrix material near r broken fibers. 
